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ABSTRACT ARTICLE HISTORY
This paper presents a thermal study of a double-layer encapsulation for an Received 4 March 2021
interventional medical device, which operates temporarily inside the human Accepted 16 June 2021
esophagus for cardiac imaging. The surface temperature of test samples, KEYWORDS
representing the device, was assessed by experiments and numerical simula- Interventional medical
tions. The test samples consisted of a heat source, a heat sink and a double- device; thermal safety;
layer encapsulation consisting of a 3D printed biocompatible polymer thermal management; heat
(thickness 0.9 mm), with an electroplated Cu inner layer (0, 10, 80 or transfer; metallized polymer
150 pm thick). The surface temperature of test samples was measured in encapsulation

a tissue-mimicking thermal phantom at 37°C, with different heat source

power levels. Experimental results showed that the maximum steady-state

surface temperature could be reduced significantly by a 10 pm thick Cu layer

(compared to no Cu layer). Increasing the Cu layer thickness further had

a rather small effect, at least for low power levels. The maximum steady-state

surface temperature was an exponential function of the Cu layer thickness.

Test samples with a Cu electroplated polymer encapsulation and a heat

source power of 0.5 W satisfied the maximum temperature limit for thermal

safety (43°C) when the Cu layer was thicker than about 80 um. Simulated

surface temperatures were in good agreement with experimental values, for

a model using two different thermal contact conductance coefficients (for

different materials) for the sample-phantom boundary condition. The simu-

lation model was also used to suggest alternative materials for the outer

layer of an encapsulation with a metal inner layer, for reducing the surface

temperature.

Introduction

Ultrasound imaging plays an important role in the diagnosis of cardiovascular diseases. Imaging the
heart with a probe inside the esophagus, known as trans-esophageal echocardiography (TEE), has the
capability of providing high quality images of the heart. The TEE probe passes through the mouth of
the patient into the esophagus, and provides 3D images of the heart in real time [1]. The tip of a TEE
probe, referred to as ‘scan head’ in this paper, contains the ultrasound transducer and electronics. The
thermal management of a TEE scan head is important with respect to patient safety, since the
transducer and the electronics in the scan head generate heat during imaging. Therefore, the
temperature distribution on the surface of the scan head must be well controlled to avoid hot spots.
According to the standard for the safety and performance of ultrasonic medical diagnostic equipment,
IEC 60601-2-37, the temperature of medical devices in contact with the patient for 10 minutes or more
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must not exceed 43°C, to avoid thermal damage to biological tissue [2]. Thermal management is also
critical for the performance, lifetime and reliability of the device [3, 4].

Thermal management of medical devices can be based on active solutions (requiring power, e.g.
fans for forced convection, pumps for liquid cooling, refrigeration) or passive solutions (e.g. heat sinks,
heat spreaders, heat pipes, vapor chambers, phase change materials) [3-5]. Technological advance-
ments enable medical devices to become more compact. Hence, implementing solutions such as heat
pipes, vapor chambers, fans, etc. for cooling the device will become more challenging due to the need
of space. If the encapsulation of a device can act as an effective heat spreader to dissipate heat
generated inside the device, this will be a compact solution.

Encapsulation of medical devices (e.g. TEE scan heads, and other implantable devices such as
pacemakers, cochlear implants, implantable neuromuscular micro-stimulators, artificial retina
implants) is often composed of two materials [3] to fulfill several functional requirements, not only
related to thermal safety, but also electromagnetic interference (EMI) shielding, electrical isolation,
and biocompatibility. Firstly, an electrically conductive material (e.g. a metallic material) provides
EMI shielding [6] and heat transfer ability [7], due to high electrical and thermal conductivity.
Secondly, an electrically insulating material (e.g. a polymeric or ceramic material) is responsible for
electrical isolation and biocompatibility. The encapsulation can be built from several separate parts as
in Figure 1 (with inner parts made of metals, and outer parts made of polymers or ceramics), or it can
be a double-layer structure.

A double-layer encapsulation may be based on a metal part with a polymer or ceramic coating on
the outside, or a polymer part metallized on the inside [8, 9]. In the first case, a thin film of
a biocompatible polymer or ceramic covers the outside of a metal part. A metal part provides good
heat spreading, EMI shielding and mechanical integrity for the encapsulation. However, an encapsu-
lation with metal as the main material may be heavier than what is needed for the function. In
addition, applying a uniform and smooth coating of a biocompatible polymer (e.g. parylene coating)
or ceramic (e.g. Al,O;) on a metal part often requires complicated fabrication processes, such as
chemical vapor deposition, or atomic layer deposition [9]. In the second case, the inner surface of
a biocompatible polymer part is coated with a thin metal layer. This encapsulation concept utilizes the
advantages of polymers, such as low density, easy and flexible processing, high electrical resistivity, and

Scan head lid

Ultrasound transducer

Heat spreader
& EMI housing

Scan head shell

Cable

Figure 1. Schematic overview of the encapsulation of a TEE scan head, with metal parts for heat spreading and EMI shielding, and
a biocompatible shell for sealing the device.
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Figure 2. Schematic of cross-sections of the test sample (not drawn to scale), consisting of a heat source, a heat sink and a metallized
polymer encapsulation.

low cost [10]. Additionally, a metallized polymer encapsulation can be fabricated by combining well-
established industrial methods, such as e.g. injection molding for the polymer part, and metallization
by vacuum metallization, electroless plating, electroplating, or even spray painting [4, 11]. A thin metal
film (in the micro- or nanometer range) can provide enough EMI shielding for a TEE scan head and
other non-radiation emitting medical devices [6, 12, 13]. However, for a metallized polymer encapsu-
lation, the trade-off between metal and polymer thickness needs to be considered, so that the
encapsulation can provide sufficient heat spreading, to avoid hot spots on the surface.

In a recent heat transfer simulation study [14], we compared the thermal performances of several
TEE scan head encapsulation concepts. Ref [14]. indicated that a metallized polymer encapsulation (as
illustrated in Figure 2) can provide good heat spreading, and acceptable maximum surface tempera-
ture for low power levels. Hence, this article presents a detailed study of the thermal management of
a scan head with a metallized polymer encapsulation. The main thermal requirement for a TEE scan
head is that the maximum surface temperature must be below 43°C. In this article we study the effect
of metal layer thickness (0, 10, 80, 150 um of Cu) for a 0.9 mm thick polymer encapsulation, for
different heat source power levels (0.5-2.0 W). To the best of our knowledge, this study is the first to
investigate the role of a metallized polymer encapsulation for the thermal management of a TEE scan
head. In addition, we present simulations that give insight on the heat transfer of the device, and
provide a basis for establishing design rules and selecting material alternatives for the outer layer of the
metallized encapsulation, in order to further improve the thermal performance of such devices.

Methodology

The sub-section “Experiments” describes the fabrication of the metallized polymer encapsulation, the
preparation of test samples, and the temperature measurements in a tissue-mimicking phantom. The
sub-section “Simulation of steady-state heat transfer” summarizes the model and approach for
simulating the heat transfer of our device with metallized encapsulation. The third sub-section
summarizes uncertainties in the experimental measurements and their effects on the parameters
obtained by fitting simulations to experiments.

Experiments

Sample preparation

A simplified structure, representing the TEE scan head, was used for the thermal characterization. This
test sample (with dimensions of about 37 mm X 13 mm X 12 mm) included a heat source, a heat sink
and a metallized polymer encapsulation, as illustrated in Figure 2. The heat source represented
electronic components generating heat within the scan head, such as the ultrasound transducer and
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electronics. The geometry of the heat sink was similar to that in a commercial device. The metallized
polymer encapsulation consisted of a thin metal layer deposited on the inner surface of the prefab-
ricated polymer parts.

The encapsulation was fabricated by polymer 3D printing followed by electroplating. Two mating
parts (one part corresponding to the half shown to the left in Figure 2) were 3D printed. A UV-cured
polymer material was used with the 3D printer Stratasys Objet30 Prime, which is based on PolyJet 3D
printing technology [15], belonging to the material jetting process category of additive manufacturing
[16]. The biocompatible polymer material MED610 (from Stratasys) was selected, because the thermal
properties of this material are similar to polymer encapsulation materials commonly used for inter-
ventional medical devices (e.g. the thermoplastic materials PEI and PEEK). MED610 also provides
adequate electrical isolation and compatibility with biological tissue. A metal layer with desired
thickness (10, 80, 150 um) was deposited on the inner surfaces of the polymer parts (0.9 mm thick)
by means of sputtering followed by electroplating. Copper (Cu) was chosen as the electroplating
material due to its high thermal conductivity (400 Wm 'K ™) [7], its effectiveness in EMI shielding [6],
and its low cost. Furthermore, Cu electroplating is a common industrial process [11]. Figure 3a shows
one encapsulation part after Cu electroplating. Details about the fabrication of the electroplated
encapsulation are presented in the Supplementary Materials.

Based on preliminary electroplating trials, a polymer thickness of 0.9 mm was selected to ensure
that the polymer part would not deform as a result of the electroplating. The thinnest Cu layer used in
this study was 10 pm. This thickness will provide adequate EMI shielding effectiveness for the TEE
scan head [6, 12, 13]. The thickest Cu layer in this study, 150 um, was chosen in order to have
a reasonable time for the electroplating process [11]. The standard deviation of the measured Cu
thickness of the electroplated polymer part was about 10% (see Table S2 in the Supplementary
Materials). Therefore, three Cu layer thicknesses (10, 80 and 150 pm) were used in this study, to
evaluate the effect of metal thickness on the heat transfer.

The electroplated parts were subsequently assembled around a heat source and an aluminum (Al)
heat sink to make a test sample representing a TEE scan head, as illustrated in Figure 2 and Figure 3.
The heat source, a commercial resistive heating element (metal ceramic heater from Heat Scientific),
was bonded to the heat sink using a thermally conductive adhesive (Epotek T7109-19), which was
cured at 80°C for 2 hours. Two sides of the Al heat sink were attached to the Cu surfaces of the two
encapsulation parts by thin layers of a thermally and electrically conductive adhesive (Epotek EJ2189-
LV), which was cured at 40°C for 9 hours. This curing condition differed from the recommendation of
the manufacturer (150°C, 1 hour) [17], in order to avoid thermally induced distortion of the polymer
parts [18]. The hole for the electrical wires at the tail of the sample, and the seams between two mating
electroplated parts, were sealed with a medical silicone, cured at 40°C for 6 hours. The remaining
volume inside the sample (containing electronic components and cables in a typical scan head) was
empty (air) for simplifying the simulations and representing a worst-case scenario with regards to heat
transfer.

(a) (b) (c)

Figure 3. (a) Cu electroplated polymer part; (b) Heat source (resistive heating element) bonded to an Al heat sink; (c) Test sample
after assembly.
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Temperature measurements

The surface temperature of the test samples was measured for 80 minutes (about twice the duration of
a common TEE exam [2, 19]), when placed in a tissue-mimicking thermal phantom (National Physical
Laboratory, England), stabilized at around 37°C, see Figure 4. Test samples with 0, 10, 80 and 150 um
thick Cu layers were tested. The effect of the heat source power was also considered.

The thermal phantom is cylindrical with diameter 11 cm and height 11.5 cm. It is made of a tissue-
mimicking material (TMM), prepared according to the standard IEC 60601-2-37. The TMM contains
agar, glycerol, water and inorganic particles (e.g. SiC, Al,O3). Such thermal phantoms are commonly
used for measuring ultrasound transducer surface temperature [2, 20, 21]. The acoustic and thermal
properties are comparable to those of soft tissues [21]. Details about components and properties of the
thermal phantom are given in ref [22]. When performing the temperature measurements in this study,
the glycerol solution (which the phantom is stored in to prevent it from drying out) was removed to
imitate the human esophagus environment. The test sample with attached thermocouples was care-
fully inserted into a cavity in the phantom (Figure 4), to avoid damaging the fragile phantom material.
Note that some areas of the test sample surface were not in contact with the phantom, due to the
thermocouples, the wires and the Kapton tape fixing the thermocouples (see Figure 5). The effect of

(b)

Figure 4. Test sample placed in a tissue-mimicking thermal phantom in a climate chamber.

Figure 5. Thermocouples (T4, T,, T3) on the surface of the test sample.
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this is that the measured temperatures will be on the conservative side, due to the lower heat transfer to
the phantom. However, also for a real scan head some surface areas may not be in contact with the
tissue.

Before the test, the sample was kept in the phantom cavity for about 3 hours to stabilize at 37°C in
the climate chamber. The end of the sample with the wires is facing up in the phantom (see Figure 4a),
and this surface is not in contact with the phantom. The top surface of the phantom was covered by
a sheet of silicone material (0.5 mm thick) during testing, as shown in Figure 4b. This was for
preventing the phantom material from drying out, and reducing the effect of air flow due to the fan
in the climate chamber.

Type T thermocouples were positioned at three different locations on the test sample (Figure 5), in
order to determine the maximum surface temperature during the test. Thermocouple T, is placed on
the surface of the exposed heat source; thermocouple T, is placed on the vertical surface, near the heat
source; thermocouple Tj is placed on the other vertical surface, a bit further away from the heat source.
The thermcocouples were in contact with the sample surface via a thin layer of a thermal paste (Arctic
MX-2), and they were fixed by Kapton tape. Note that these thermocouples measure a mixture of the
sample surface temperature and the phantom temperature. However, the temperature measured at the
heat source surface is dominated by the heat source, not the phantom, due to the heat source having
the highest thermal effusivity. The temperature of the thermal phantom was also measured with
a thermocouple (T, in Figure 4a). The distance between the thermocouple T, and the wall of the cavity
in the thermal phantom was about 3.8 cm.

The thermocouples were logged (TC08 and PicoLog 6, PicoTech) every 10 s for 80 minutes. The
heat source was connected to a power supply (R&S NGE100, Rohde & Schwartz), and four different
power levels (0.5, 1.0, 1.5, 2.0 W) were used in the measurements. Five samples were fabricated and
tested; two with Cu thickness 10 um, one with 80 pm, one with 150 um and one without Cu. For each
sample, the temperature measurements were repeated twice (at all power levels), with 1 hour in
between to let the sample return to 37°C.

Simulation of steady-state heat transfer

A simulation model, representing the experimental test sample (Figure 2) in the thermal phantom, was
defined in COMSOL Multiphysics 5.3a. The heat source was modeled with uniform volumetric heat
generation. The thermal conductivities of the materials in the model are listed in Table 1. The thermal
contacts between the components in the scan head were assumed to be perfect. The basis for this
assumption is that metal-polymer thermal contact conductance (TCC) coefficients are on the order of
10* Wm ™2 K ' [30] and metal-metal TCC coefficients are even higher [30], and these conductances are

Table 1. Material properties of all components in the simulation model.

Thermal conductivity

Component Material k(Wm™' K™
Heat source Metal ceramic heater [23] 20
(Al,03 and W)
Heat sink Al alloy 6082 [24] 180
Adhesive between heat source and Thermally conductive adhesive (Epotek T7109-19) [25] 13
heat sink
Adhesive between heat sink and Thermally and electrically conductive adhesive (Epotek 25
encapsulation EJ2189-LV) [17]
Inner layer of encapsulation Electroplated Cu [26] 380
Outer layer of encapsulation Polymer material 0.2°
(Stratasys MED610)
Coverage of the hole for the electrical Medical silicone 0.2°
wires
Remaining volume inside the sample  Air [27] k(T) via COMSOL'’s material
library

aThermal conductivity selected based on common values from references [28, 29].
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Surface of heat source

Y\L'x

Figure 6. lllustration of thermal contact surfaces (in blue) for which Equation 1 was applied.

much larger than the conductance of the polymer layer in our model (0.2 Wm™ K™/ 0.9 mm ~ 10°
Wm ™2 K™}). For the outer surfaces of the scan head (in contact with the thermal phantom), a heat flux
boundary condition with a TCC coefficient was applied:

qo = hc(Text - T) (1)

where h, is the TCC coeflicient; T,,, is the temperature of the phantom, (assumed to be constant, 37°C
in our case); T is the temperature of the scan head surface; g, is the heat flux. The TCC coefficient is the
inverse of the thermal contact resistance [31, 32]. Values for TCC coefficients were determined by
comparing the simulated and measured steady-state surface temperatures, as detailed in the section 3.2
Calibration of the simulation model.

The TCC coefhicients mentioned above were used for the exterior of the scan head except the “tail”
of the scan head (gray surface in Figure 6). In the experiment, this tail sees a small volume of air, i.e. the
space between the encapsulation and the silicone lid covering the phantom’s cavity, see Figure 4. The
heat transfer coefficient for still air is often in the range (2-25) Wm 2K [7]. A value of 15 Wm 2K !
was used in some simulations. However, including such a heat transfer coeflicient for the tail of the
scan head had no significant effect on the simulated maximum surface temperature (occurring at the
un-encapsulated heat source). Hence, this extra heat transfer coefficient was not used in the results
presented below.

The 3D model was meshed using free tetrahedral elements, see Figure 7. The mesh had one element
across the thin layers in the model (Cu and adhesive layers). An initial check with finer meshes (two
elements across the thin layers, as well as an overall finer mesh with five times the number of elements)
gave the same value for the maximum surface temperature, within 0.1 K. Hence, the mesh was
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Figure 7. (a) Mesh on one half of the model, with a 0.9 mm thick polymer layer and a 150 pm thick Cu layer; (b) a zoom-in
corresponding to the red rectangle in (a).
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optimized with regard to simulation accuracy and calculation time. Details about the mesh are given in
Table S3 in the Supplementary Materials.

Uncertainties and error calculations

What are the dominating uncertainties in the experimental measurements and how do these affect the
parameters obtained by fitting simulations to experiments? Regarding the Cu thickness, the main
source of uncertainty is the variation in Cu thickness over the sample, due to the deposition method.
The Cu thickness was measured at 10-15 points on three cross-sections of the sample (altogether 40
points per sample, see Figure S1 in Supplementary materials). The average values were close to the
nominal values (+ 1 pm). The relative standard deviations were about 10%, i.e. for the 10 pm the
standard deviation was £ 1 pum. Details are given in Table S2 in Supplementary materials. The relative
uncertainty in the polymer thickness is much smaller than that of the Cu thickness.

The power supplied to the test sample has an estimated uncertainty of about 1-2%, when the power
is in the range of (0.5-2) W. This uncertainty estimate was determined using the uncertainty
propagation law [33], based on the known uncertainties of voltage and current for the power supply
used.

The variation in AT between repeated tests (with the same sample, not removed from the phantom,
and with the same thermocouples mounted), was within the accuracy of the thermocouple used
(£0.5°C); and that between two samples fabricated with the same nominal Cu thickness was within
1°C. Therefore, only measurements for one sample for each Cu thickness are presented in the Results
section, as the example in Figure 8.

For comparison with simulations, steady-state temperatures of T, were estimated by fitting func-
tions to the measured temperature transients of the 80 minute tests (as shown in Figure 8). Several
functions, e.g. a power function, gave good fits to the experimental data. The difference between
extrapolated values of the fitted function (f — o) and experimental values at 80 minutes were small
(lower than 0.3°C). Hence, the experimental values of T; at 80 minutes were used for calculating AT,
and calibrating the simulation model.

43 T T
—_— TI
42 - 77‘3 7
T3

Temperature, T (°C)

37 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
Time, ¢ (minute)
Figure 8. Measured temperatures for a test sample with polymer thickness 0.9 mm, Cu thickness 150 um, and heat source power

0.5 W. T;, T,, T3 are surface temperatures measured at different positions (shown in Figure 5), and T, is the temperature measured in
the thermal phantom (shown in Figure 4).
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Figure 9. Simulated (SIM) and experimental (EXP) results for polymer encapsulations (0.9 mm) with 0, 10, 80 and 150 um thick Cu
layers, at different power levels. Experimental data are shown as squares, simulated data based on one TCC coefficient (h,
=75 Wm™2K™") are shown as solid lines, and simulated data based on two TCC coefficients (h.; = 250 Wm™K™" and h,, = 46
Wm~2K™") are shown as dashed lines.

When calibrating the simulation model by adjusting the two TCC coefficients (as in Figure 9), the
uncertainties of the TCC coefficients k,; and h., are 12 Wm 2K ' and 4 Wm ™K}, respectively. This is
an estimate based on the dominating experimental uncertainties given above, as well as a requirement
that systematic errors (differences between experimental and simulated AT) vs. Cu thickness should be
minimized.

Results and discussion
Experimental results

As described in the introduction, the surface temperature limit for medical devices in contact with the
human body for 10 minutes or more is 43°C. Hence, our study focuses on the maximum surface
temperature, and how it varies with Cu layer thickness (0, 10, 80, 150 pm) and heat source power (0.5,
1.0, 1.5, 2.0 W).

Figure 8 shows temperature measurements for a case with 0.5 W power, and an encapsulation with
polymer thickness 0.9 mm and Cu thickness 150 um. After about one hour, the system is close to
steady state. As expected, the maximum surface temperature of the test sample appears on the surface
of the heat source (which is exposed, not encapsulated), shown as T} in Figure 5 and Figure 8. On the
vertical exterior surfaces of the encapsulation, thermocouple T, shows a higher temperature than
thermocouple T;. This is due to T, being closer to the heat source of the test sample, as shown in
Figure 5.

We define AT as the difference between the maximum scan head surface temperature (T;) and the
temperature of thermal phantom (T;), at steady state. Relationships between the measured AT and the
Cu layer thickness (f¢,), for different power levels (P), are shown in Figure 9 and Figure 10. AT
increases linearly with increasing power because we consider steady state temperatures. Furthermore,
AT decreases with increasing Cu thickness (better heat spreading), following an exponential function,
as shown in Figure 10. The experimental results for this simplified test sample (Figure 9 and Figure 10)
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Figure 10. The relationship between the Cu layer thickness (tc,) and the increase in surface temperature above the phantom
temperature at steady state (A7), for four different power levels (P). Dashed lines are fits (based on Equation 2) to experimental data
(EXP, open circles), while solid lines are corresponding fits to simulations (SIM, asterisks). The thermal safety limit corresponds to
AT = 6°C (green dashed line).

show which combinations of Cu layer thickness and power that satisfy the temperature criterion (T
<43°C, i.e. AT < 6°C). For the examined combinations and a power level of 0.5 W, it is satisfied when
the Cu layer is thicker than about 80 um. Figure 10 also shows that increasing the Cu thickness from 80
to 150 um has a small effect on AT. For a power level of 0.5 W, a Cu layer thickness around 100 pm (on
a 0.9 mm thick polymer encapsulation) may be a good trade-off between thermal performance and
cost/time for the metallization process.

Calibration of the simulation model

With the thermal conductivities in Table 1, the simulation model was first calibrated with the
experimental data (AT vs. Cu thickness and heat source power, i.e. 16 data points) by adjusting
a single TCC coefficient (h.). With a h. value of 75 Wm > K™', the simulated AT values agreed
well with the experimental data of samples having a non-zero Cu layer thickness. However, the
AT values of the samples without Cu were grossly overestimated, as shown in Figure 9 (solid
lines). Alternatively, a h, value could be found so that AT values for zero Cu samples agreed with
experiments, but then the AT values for non-zero Cu samples were underestimated. Hence, the
balance between the two main thermal flow paths, “directly” through the heat source and via the
encapsulation, was obviously poorly modeled. To try to obtain a good agreement for the entire
dataset, the values for the thermal conductivities of the parts in the scan head were varied (within
reasonable limits), while also varying the TCC coefficient. However, the overprediction mentioned
above remained gross. A situation with only random errors (due to unavoidable uncertainties in
the experimental values), and no systematic errors related to the presence of a Cu layer or not,
could not be obtained. Furthermore, the areas for thermal contact with the phantom, on different
surfaces of the scan head, were also varied, in an attempt to be closer to the experimental
situation (some areas shielded from contact by wires, etc.). However, the overall prediction
remained poor, with a systematic error related to the presence of a Cu layer, and not only
random errors.
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As a next step in trying to improve the prediction, we allowed for having two different TCC
coeflicients; h.; for the heat source (modeled as Al,O3) surface and h., for the remainder of the scan
head surface (the polymer encapsulation). A TCC coefficient accounts for effects of e.g. surface rough-
ness at the interface, but it is evidently also related to bulk properties of the contacting materials, such as
the thermal conductivity [32, 34]. Hence, we argue that the heat source and the polymer encapsulation,
with thermal conductivities differing by a factor 100 and also different surface roughnesses, can have
different TCC coeflicients. However, these coefficients also effectively account for differences in contact
area/pressure toward the thermal phantom.

A good overall fit was achieved with h.; and h., set to 250 Wm ™2 K and 46 Wm™2 K,
respectively, see Figure 9 and Figure 10, and these coeflicients were used in all simulations reported
in Figure 10 and later. However, note that the simulations underpredict the (small) reduction in AT
when increasing the Cu thickness from 80 to 150 um, see Figure 10. The remaining, rather small,
difference between simulated and experimental data can be explained by various factors. One factor
could be in the experimental data themselves. As mentioned in the experimental section, the thermo-
couple on the heat source measures a mix of the sample surface temperature and the phantom
temperature. The mixing ratio may depend on the temperature, hence, e.g. the Cu layer thickness.
Another factor could be that the idealized simulation model did not take into consideration the
variation in the Cu layer thickness (about 10%, as presented in Table S2 in the Supplementary
Materials). In addition, the thickness of the adhesive layers in the test samples may vary somewhat
from sample to sample due to the manual assembly, but a constant thickness is assumed in the
simulation model.

It is relevant to compare the TCC coefficients found above with the convective heat transfer
coefficients for the human esophagus determined experimentally by Liao et al. [35]. Liao et al.
investigated the heat transfer properties of the esophagus wall, as an indication of segmental blood
flow changes during mechanical distension. The device used in their set-up was an ultrasound probe
with a polyurethane bag attached to its tip. They found the heat transfer coeflicient to be in the range
100-220 Wm™ K', depending on the blood flow rate as affected by distension temperature. We
interpret their results to indicate that the heat transfer coefficient of the esophagus wall was around 150
Wm ™2 K" at body temperature.

Simulation results

The simulated AT values (using the two TCC coefficients given in the preceding Section 3.2
Calibration of the simulation model), as well as the experimental data, were well represented by an
exponential function:

AT = (ae"e + ce®'e)p ()

where g, b, ¢, d are fitting parameters, ¢, is the Cu thickness and P is the heat source power. Details
about the fitting parameters for the simulated AT and the experimental AT are presented in the
Supplementary Materials. Figure 10 shows the maximum surface temperature increase as a function of
Cu thickness at different power levels.

The simulation model can be used to visualize the temperature distributions. An example is
shown in Figure 11. In this case the encapsulation has a Cu layer thickness of 150 pum, and the
heat source power is 0.5 W. The surface temperature varies from 39.9°C to 42.9°C. The maximum
surface temperature occurs at the surface of the heat source, which is not encapsulated. The
maximum surface temperature here satisfies the safety requirement; i.e. no spots on the surface are
hotter than 43°C.

Figure 12 shows simulated temperature distributions for different encapsulations, with Cu (a)
and without Cu (b and c). There is a clear difference between encapsulations with and without Cu,
regarding the balance between the two main heat flow paths to the phantom; the main path through
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Figure 12. Simulated temperature distributions for three different encapsulations (1 W in all cases) (a) 0.9 mm thick polymer layer
and 80 pm thick Cu layer (temperature range: 42.6-49.1°C); (b) 0.9 mm thick polymer layer and no Cu layer (temperature range:
37.4-58.6°C); (c) 0.25 mm thick polymer layer and no Cu layer (temperature range: 37.2-59.6°C).

the heat source “window” (with area 1 cm?) and the secondary path through the polymer encapsula-
tion. The secondary flow path is more pronounced when the encapsulation has a Cu layer, due to
better heat spreading. The balance between these two paths can also be assessed by the relative heat
flow through the heat source window. This relative heat flow is 30% in Figure 12a, and 54% in
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Figure 12b. The heat flux is almost constant over this window. Hence, a plot of relative heat flow vs.
Cu thickness is similar to a plot of AT vs. Cu thickness. (However, the relative heat flow is
independent of power level, since we consider the steady state.)

Figure 13 shows the simulated relationship between the polymer layer thickness (t,,) and the
maximum surface temperature increase (AT), for different Cu thickness, at a power level of
0.5 W. Note that the simulation model was parameterized with the outer dimensions fixed, and
a reduction in polymer thickness had to be compensated for by an increase in the thickness of
the adhesive layer (between the Al heat sink and the encapsulation). However, this had no effect
on the trends in this figure. As a check of this, some simulations were performed in which the
thermal conductivity of the adhesive was increased from its nominal value (2.5 Wm™K™}) to the
value of the Al heat sink (180 Wm™'K™). Results from these simulations are shown as a dashed
green line. For a given Cu thickness, AT increases with increasing polymer thickness, due to the
increasing thermal insulation of the thermal flow path through the encapsulation. However, the
effect of the polymer thickness is small in this interval (0.25-1 mm), and it decreases with
decreasing Cu thickness. For a very thin Cu layer (e.g. 2 pum Cu in Figure 13), the effect of
polymer thickness on AT is negligible. When there is no Cu layer, AT decreases slightly with
increasing polymer thickness (also seen in Figure 12¢ vs. Figure 12b), due to the increased heat
spreading in the (thicker) polymer layer, dominating over the increased thermal insulation.
When the polymer thickness is increased, the increased in-plane heat spreading in the polymer
layer (typically occuring near the heat source and the heat sink) prevails over the reduced heat
flow perpendicular to the polymer wall.

The simulations show that this scan head design and encapsulation concept satisfies the
thermal criterion (AT < 6°C) for power levels up to about 0.5 W. In order to use a Cu plated
encapsulation at higher power levels, the polymer must be replaced by a material with higher
thermal conductivity. Our simulation model can be used to evaluate the effect of increased
thermal conductivity of the outer layer. However, the model is probably not valid for materials
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Figure 13. Simulated effect of polymer layer thickness (t,,) on the surface temperature increase (A7) for different Cu layer
thicknesses. The heat source power was 0.5 W in these simulations. The dashed green line represents a case in which the thermal
conductivity of the adhesive (between the Al heat sink and the encapsulation) was increased from its nominal value (2.5 Wm~'K™") to
the value of the Al heat sink (180 Wm™'K™").
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(4T), for different power levels. The polymer outer layer is 0.9 mm thick, and the Cu inner layer is 150 pm thick.

with much higher thermal conductivity than the one used in the calibration. Figure 14 shows the
simulated effect of the thermal conductivity (k) of the outer layer material on the maximum
surface temperature increase (AT), for different power levels (P). Increasing the thermal con-
ductivity from 0.2 to 2 Wm™'K™" reduces AT by about 1°C.

Simulations with extreme values for the polymer thermal conductivity can be used to assess the
thermal limits of a scan head design. If the polymer has zero thermal conductivity, all the heat transfer
to the phantom will be through the 1 cm” “window” of the heat source, with or without a Cu layer on
the polymer part. As an example (see Figure S2 in the Supplementary Materials), for a power of 1
W this would give a AT value of 40.0°C. In the other limit, for very high polymer thermal conductiv-
ities, AT approaches about 9.8°C (for 1 W power), with or without Cu. This corresponds to a heat flow
fraction through the heat source window of about 0.25. This is then a value characterizing this
particular design. Hence, with 1 W power, the temperature criterion, AT < 6°C, can not be reached
with this design.

Material selection for the outer layer

This metallized encapsulation can only be used at power levels above 0.5 W if the polymer of the Cu
electroplated encapsulation is replaced by a material with higher thermal conductivity. Polymer-based
composites with fillers with high thermal conductivity can be taken into consideration for the outer
layer of a metallized encapsulation. Such a composite should also fulfill other safety requirements, such
as electrical isolation and biocompatibility. An advantage of using a polymer-based composite is the
compatibility of this material type with well-developed packaging techniques, such as molding
processes (e.g. injection molding, transfer molding, or compression molding) [4]. Composites based
on a biocompatible polymer matrix and thermally conductive and electrically insulating fillers are
promising candidates. The polymer could be a thermoset (e.g. biocompatible epoxy or silicone) or
a thermoplastic (e.g. PEI or PEEK) [29]. Common thermally conductive and electrically insulating
fillers are ceramic fillers; for example, metal oxides (e.g. alumina (Al,O3) or quartz (crystalline SiO,)),
or non-oxide fillers (e.g. aluminum nitride (AIN), boron nitride (BN), silicon nitride (Si;Ny))) [10].
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Ohashi et al. [36] successfully prepared a polymer composite with thermal conductivity of 8.2
Wm 'K from epoxy with 74 vol% AIN. The composite was applied in fabricating encapsulants for
dissipating the heat generated in electronic devices. Thermal conductivity of 21.3 Wm™'K™"' was
achieved for an epoxy/BN composite in a study by Zhu et al. [37]. Kusunose et al. [38] measured
a thermal conductivity of 9.2 Wm™'K™' for an epoxy composite with 60 vol% Si;N, nanowires.
Biocompatible ceramics can also be considered as outer layer materials for the metallized encapsula-
tion. The outer encapsulation can e.g. be fabricated by powder injection molding using AIN (100-300)
Wm™'K™! [10, 39, 40].

Conclusions

In this paper, the thermal management of a simplified trans-esophageal echocardiography (TEE) scan
head was studied by experimental work and numerical simulations. Scan head test samples with
a metallized polymer encapsulation were fabricated. The encapsulation consisted of a 3D printed
polymer part with a Cu layer electroplated on the inside. The focus of the study was to investigate
encapsulation parameters, with regards to the requirement that the maximum surface temperature of
the scan head (in contact with human tissue) must be below 43°C.

Samples with encapsulations having a 0.9 mm thick polymer outer layer, and an electroplated Cu
inner layer (0, 10, 80 or 150 pum thick), were tested with different power levels (0.5-2.0 W) supplied to
the heat source in the sample. The heat source was connected to some sections of the encapsulation via
an aluminum heat sink. The surface temperature of the test sample was measured in a tissue
mimicking thermal phantom, which was stabilized at around 37°C (human body temperature) in
a climate chamber.

Experimental results showed that the maximum steady-state surface temperature could be
reduced significantly by a 10 pm thick Cu layer (compared to no Cu layer). Increasing the Cu
layer thickness further had a rather small effect, at least for low power levels. The maximum steady-
state surface temperature was an exponential function of the Cu layer thickness. As expected for
this steady-state temperature, it increased linearly with increasing power supplied to the sample.
Test samples with a Cu electroplated polymer encapsulation and a heat source power of 0.5 W
satisfied the maximum temperature requirement (< 43°C) when the Cu layer was thicker than
about 80 um.

A finite element model, for steady-state thermal simulations, was calibrated with the tem-
perature measurements. In order to obtain a good prediction of all experiments, with and
without a Cu inner layer, two thermal contact conductance coeflicients were needed for the
boundary conditions of the scan head exterior surface (toward the thermal phantom); one
coefficient for the un-encapsulated heat source (250 Wm™>K™') and one for the polymer
encapsulation (46 Wm >K™'). With this calibration, simulated steady-state temperatures were
in good agreement with the experiments, i.e. for all Cu layer thicknesses and power levels. The
simulation model was used to suggest material properties for the outer layer that can allow for
higher power levels. The preferred outer material is a biocompatible and electrically insulating
material with high thermal conductivity, e.g. a biocompatible ceramic or a thermally conductive
and electrically insulating polymer composite.

The simulation model in this paper enables quick computations to evaluate the thermal manage-
ment of TEE scan head designs with (double layer) metallized encapsulation. Further work is needed
to extend the validity of the model to a wider range of encapsulation materials, and to establish
a more fundamental physical description of the heat transfer from the TEE scan head to the thermal
phantom, and to the tissue of the human esophagus. A more comprehensive model should include
the thermal phantom (or the human tissue) in the computational domain, and the simulation
should be transient.
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Nomenclature

h. thermal contact conductance coefficient (Wm™2 K™")

hey thermal contact conductance coefficient for the heat source (Wm™ K™")

he thermal contact conductance coefficient for the external surfaces of the encapsulation of the test sample in contact with
the phantom surface (Wm™2 K™")

k thermal conductivity of a material (Wm™" K™")

P power supplied to the heat source of the test sample (W)

do heat flux (Wm™2)

T simulated temperature of the surface of the TEE scan head (°C)

Toxt simulated temperature of the thermal phantom (°C)

T; measured temperature of the thermocouple placed on the heat source surface in the test sample (°C)

T, measured temperature of the thermocouple placed on the vertical surface of the encapsulation, near the heat source
(°Q)

T3 measured temperature of the thermocouple placed on the vertical surface of the encapsulation, far from the heat source
(°Q)

T, measured temperature of the thermocouple placed in the thermal phantom (°C)

AT difference between T; and 7, (°C); i.e. AT=T; - T,

t measurement time (s)

teu thickness of the Cu layer in the metallized encapsulation (m)

tho thickness of the polymer layer in the metallized encapsulation (m)

a, b, ¢ d fitting parameters
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